Mammalian spermatogenesis is a complex developmental process. The analysis of mouse mutations has provided insight into biochemical pathways required for completion of this process. We previously described the autosomal recessive mouse morc TgN(Tyr)1Az (microrchidia) mutation, a serendipitous transgenic insertional mutation which causes arrest of spermatogenesis prior to the pachytene stage of meiosis prophase I. We now report the molecular characterization of the morc locus and positional cloning of a gene disrupted by the morc TgN(Tyr)1Az mutation. This gene, which we term Morc, encodes a 108 kDa protein expressed specifically in male germ cells. The transgene integrated within the first intron of Morc and was accompanied by an intragenic deletion of~13 kb of genomic sequences, removing exons 2-4 and abrogating expression of the wild-type transcript. Analysis of the MORC protein sequence revealed putative nuclear localization signals, two predicted coiled-coil structural motifs and limited homology to GHL (GyraseB, Hsp90, MutL) ATPase. Epitope-tagged MORC protein expressed in COS7 cells localized to the nucleus. We also cloned the human MORC homolog and show that it too is testisspecific, but closely related human genes are transcribed in multiple somatic tissues. Homologous proteins are also present in zebrafish, nematodes, slime mold and plants. Thus, cloning of Morc defines a novel gene family whose members are likely to serve important biological functions in both meiotic and mitotic cells of multicellular organisms.
INTRODUCTION
Mammalian spermatogenesis is a complex and highly regulated developmental process that can be divided into three phases: mitotic proliferation and renewal of spermatogonia, meiotic reduction division of spermatocytes and cellular differentiation of haploid spermatids into mature sperm. Prophase of the first meiotic division is protracted: the pachytene stage alone lasts 11 days in mice (1) . During this time, homologous chromosomes pair and recombine. Attesting to the complexity of this process, a variety of gene products are necessary for its execution, as illustrated by several mutations that arrest spermatogenesis at or before the pachytene stage. These include targeted inactivation of heat shock protein Hsp70-2 (2), DNA mismatch repair enzyme Mlh1 (3, 4) and transcription factor A-myb (5) .
While mutations induced by homologous recombination have provided important insights into the regulation of spermatogenesis (6) , such experiments necessarily involve genes that have been characterized previously. Spontaneous mouse mutations affecting spermatogenesis (1) could implicate unknown or unsuspected genes, but identifying these genes by positional cloning is difficult.
In contrast, transgene-induced insertional mutations are amenable to positional cloning, since the transgenic sequence provides a molecular 'handle' for isolating the genomic locus (7). We previously described one such insertional mutation, morc TgN(Tyr)1Az , whose recessive phenotype is characterized by a male-specific sterility. Germ cells in homozygous males appear to reach the gonad and proliferate normally but fail to progress beyond the zygotene stage of meiosis I and instead undergo apoptosis. Adults show progressive loss of spermatogonia, resulting in a Sertoli cell-only phenotype by 6 months of age (8) . We now describe the gene disrupted in morc mutant mice. The gene we identified, Morc, encodes a novel~108 kDa nuclear protein and is expressed specifically in male germ cells. Morc also defines a new eukaryotic gene family with phylogenetically diverse members. Expression of some of these family members is not restricted to testis, suggesting that the function of Morc in spermatogenesis is related to a more general biological process. Further studies of Morc should provide insight into the regulation of mammalian meiosis, with potential implications for human reproductive health.
RESULTS

Positional cloning of Morc
We previously described the morc (microrchidia) transgenic insertional mutation (8) . Isolation of P1 genomic clones containing the Morc locus demonstrated that sequences adjacent to the transgene integration site were deleted in mutant mice (8) .
To better define the deletion and identify potential coding sequences, we constructed a physical map of the region using one P1 clone (Fig. 1A) . We then subcloned and partially sequenced restriction fragments encompassing 21 kb of genomic sequence surrounding the transgene integration site. Southern blotting and PCR analyses revealed that the deletion spanned~13 kb (data not shown). Database searches with the sequence data did not identify any candidate genes.
We also performed exon trapping using the entire P1 clone. Nine different products were isolated and sequenced. Three were repetitive and none of the other six single copy sequences showed similarity to any known genes or expressed sequence tags (ESTs) in public databases. However, northern blot hybridization with one putative exon sequence detected an~3 kb testis transcript. We used this 160 bp exon (Fig. 1A, exon 7) to screen a mouse testis cDNA library and isolated a single clone containing an~900 bp insert. This clone also contained two other exon-trapping products (Fig. 1A, exons 2 and 3) .
A mouse multiple-tissue northern blot probed with this cDNA demonstrated an~3 kb transcript that was unique to testis ( Fig. 2A) . The level of expression was very low compared with a β-actin control (a 10-fold shorter exposure of which is shown). Prolonged exposures revealed an additional~2 kb testis transcript (see also Fig. 2B and E) whose relationship to thẽ 3 kb transcript has not yet been determined. We isolated a full-length mouse cDNA using 5'-and 3'-RACE. Alignment of overlapping products gave a 3050 bp cDNA, consistent with the~3 kb transcript seen by northern blotting. Construction of a physical map of the Morc locus and inspection of genomic sequence data indicated that the P1 clone contains at least the first seven exons but not the 3' end of this gene, which we termed Morc. We estimate that the complete gene spans >60 kb. Southern blotting and PCR analyses of DNA from homozygous mice revealed that exons 2-4 ( Fig. 1A) were deleted by the transgene insertion (data not shown).
Morc expression is altered in homozygous mutant mice
To confirm that the morc TgN(Tyr)1Az mutation affected Morc expression, we examined transcripts in mutant mice by northern blotting. Hybridization with a 158 bp cDNA fragment containing only Morc exons 2-4 ( Fig. 1B) indicated that the wild-type transcript was absent from testes of homozygotes (Fig. 2B ). However, a 1.2 kb fragment from the 3' region of the Morc cDNA (Fig. 1B) detected a transcript in homozygous testis that was similar in size to the wild-type Morc transcript (Fig. 2B) .
RT-PCR experiments were performed to verify these northern blotting results ( Figs 1B and 2C) . A primer pair with one member from Morc exon 3 failed to amplify any transcript from homozygous testes (Fig. 2C, 5' ). In contrast, a primer pair containing sequences 3' to the deleted exons 2-4 gave RT-PCR products with testis RNA from mice of all three genotypes (Fig. 2C, 3' ). These data confirmed the absence of the wild-type Morc mRNA and the presence of an aberrant transcript in homozygous testes. Additional RT-PCR experiments (data not shown) indicated that the aberrant Morc transcript was not due to splicing of exon 1 to exons 3' of the deletion. However, we did find RT-PCR products containing transgene promoter and flanking Morc genomic sequences spliced to Morc exon 5 and downstream exons. Although we have not yet completely characterized the mutant transcript, the wild-type Morc exons 1-4 (324 nt) appear to have been replaced by sequences of roughly equal length, since the mutant and wildtype transcripts showed similar sizes on northern blots (Fig.  2B) . Interestingly, the total amount of Morc transcript appears to be increased in testes from heterozygotes ( Fig. 2B, 3 ' probe), probably reflecting abundant transcription from the strong transgene promoter in post-mitotic germ cells (8) . Consistent with previous transgene expression data (8) , the mutant morc transcript is not as abundant in homozygous mutants that retain spermatogonia but lack most of the post-mitotic germ cell population (Fig. 2B, 3 ' probe).
Morc defines a novel gene family
In order to identify a human Morc homolog, we screened a human testis cDNA library using the 900 bp mouse cDNA as probe. A 2.8 kb cDNA was isolated and sequenced. When used as probe, this cDNA detected an~4 kb transcript, with expression again limited to testis (Fig. 2D) . A full-length human cDNA was cloned by 3'-RACE and sequenced. To confirm that this human cDNA was the mouse Morc homolog, we mapped both mouse and human genes. Mouse Morc mapped to the central part of mouse chromosome 16, while human MORC mapped to the conserved linkage region on 3q13 (N. Inoue, M. Seldin, A. Zinn and M. Watson, manuscript in preparation). The nucleotide sequence, expression and comparative mapping data all indicated that the human cDNA was the bona fide Morc homolog. Figure 3A shows an alignment of mouse and human MORC proteins. The primary sequence of the mouse Morc cDNA predicts a protein of 950 amino acids, while the human cDNA encodes a protein of 984 amino acids with 66% overall identity to mouse MORC. The identity rises to 76% over the first 590 residues. The peptide sequence encoded by exons 2-4, deleted in the morc TgN(Tyr)1Az mutant, is 94% identical between mouse and human MORC. Two regions of human MORC, residues 669-692 and 955-971, are insertions of 24 and 17 amino acids, respectively, relative to mouse MORC. RT-PCR experiments showed no evidence that these insertions are due to alternative splicing (data not shown).
Database searches using BLAST and FASTA algorithms revealed a significant match to KIAA0852, a human cDNA of unknown function that is widely expressed, with the highest transcript levels in testis, ovary and brain (9) . Other significant matches included a ubiquitously expressed gene, KIAA0136, from a human tumor cell line (10) and genes from the nematode Caenorhabditis elegans (11) and the plant Arabidopsis thaliana (GenBank accession no. AL022141). Each of these protein sequences showed 30-40% overall identity to mouse or human MORC, with local regions of much greater identity to N-terminal portions of MORC (Fig. 3B) . The MORC protein also showed low but significant similarity to a zebrafish EST reading frame (GenBank accession no. AA605811) and to Dictyostelium discoideum ZipA, a leucine zipper protein that functions in morphogenesis (GenBank accession no. AF019980) (data not shown). Interestingly, ESTs were identified from mouse early blastocyst (GenBank accession no. C89308) and 16-cell embryos (GenBank accession no. AU044657) encoding potential proteins nearly identical to portions of MORC, suggesting that Morc is also expressed during early development. An EST from 4-week-old mouse thymus (GenBank accession no. AI183160) also matched Morc, but its biological significance is unclear in view of our failure to detect human MORC thymic transcripts by northern blotting (Fig. 2D) . Finally, the N-terminus of Morc has limited similarity to the GHL (GyraseB, Hsp90, MutL) family members in the four consensus ATPase domains [MORC residues 33-48, 66-75, 96-104, 194-195 (12) ], raising the possibility that Morc may require ATP hydrolysis for function.
We used a variety of computer algorithms to look for clues to the function of the mouse and human MORC proteins. The Paircoil program (13) strongly predicted coiled-coil domains at residues 281-311, 320-350 and 885-917 in mouse MORC and at the corresponding conserved residues 280-354 and 900-935 in the human protein (Fig. 3A) . A leucine zipper motif (14) with four heptad repeats at residues 926-947 of human MORC overlaps the predicted coiled-coil domain. The corresponding mouse sequence is quite similar but is interrupted by a proline at the position of the third leucine (Fig. 3A) .
MORC is a nuclear protein
Additional analysis using the PSORT II algorithm (15) predicted with high probability that both human and mouse MORC are nuclear proteins, with a putative bipartite nuclear localization signal at residues 256-272 in mouse and residues 257-273 in human (Fig. 3A) . Mouse MORC also has a second putative nuclear localization signal at residues 891-894 (Fig. 3A) . Of note, neither a transmembrane domain nor an N-terminal signal sequence was identified in either the mouse or human protein.
To test the predicted nuclear localization of MORC protein, we expressed epitope-tagged mouse MORC in COS7 cells and determined its subcellular localization by multicolor immunofluorescence. Most MORC-expressing cells showed strong, (Fig. 1B) . RT, reverse transcriptase. (D) Multiple tissue northern blots demonstrating that human MORC is also testis-specific. (E) Morc expression in enriched germ cell fractions from wild-type testes or in two mutant strains lacking male germ cells (at/at; XX,Sxr) was analyzed using the 3' hybridization probe (Fig. 1B) , demonstrating that Morc is expressed in germ cells but not in somatic cells. punctate nuclear staining (Fig. 4A) . Occasional cells showed more diffuse nuclear staining and rare cells showed cytoplasmic staining (data not shown). MORC proteins tagged with the FLAG epitope at either the N-terminus (Fig. 4A) or the C-terminus (data not shown) gave identical results. We conclude that MORC is a predominantly nuclear protein.
Morc is expressed in germ cells
To determine which cell types in testis express Morc, we analyzed fractionated germ cells from wild-type mouse testes by northern blotting (Fig. 2E) . The~3 kb Morc transcript was detected in all germ cell fractions except residual bodies, with the highest level in spermatogonia and the lowest level in post-meiotic round spermatids. Interestingly, the minor~2 kb Morc transcript was seen only in pachytene spermatocytes. The expression pattern in whole testes from wild-type mice of increasing developmental age was also examined. Morc was expressed in testes from mice aged 7 days to adult (Fig. 2E) . The relative abundance of the~3 kb Morc transcript in whole testis appears to decrease during testicular maturation, consistent with the increasing proportion of meiotic and postmeiotic germ cells that express lower levels of the gene.
To test whether Morc is also expressed in somatic cells of the testis, we examined mice that lacked germ cells due to either the recessive atrichosis (at) mutation (16) or the XX,Sxr sex-reversal mutation (17) . In neither case were Morc transcripts detected (Fig. 2E) . We also performed RNA in situ hybridization on wildtype mouse testis using a Morc antisense probe. The signal was localized to the germinal epithelium layers containing spermatogonia and spermatocytes with only background over interstitial cells, confirming that Morc is expressed specifically in germ cells (Fig. 4B and C) .
DISCUSSION
We have defined the molecular basis of the mouse morc TgN(Tyr)1Az mutation, which causes recessive male sterility with an arrest of spermatogenesis in early meiosis. The mutation is due to integration of a transgene into the Morc gene and concomitant deletion of Morc exons 2-4. The recessive phenotype and the morc deletion are consistent with a loss-of-function mutation. An aberrant morc transcript is present in homozygous mutant mice; however, its translation would produce a truncated protein lacking at least the first 73 residues of the MORC N-terminal region. The strong evolutionary conservation of this region suggests that it is critical to MORC function. The relatively low overall identity between human and mouse MORC proteins (66%) is attributable to the less conserved C-terminal region, but MORC conservation is nevertheless comparable with that of some other nuclear proteins, such as the orphan nuclear receptor DAX1 (65%) (18, 19) or the meiosis-specific synaptonemal complex protein 1 (72%) (20, 21) .
Several lines of evidence indicate that the mutation we have identified is responsible for the arrest of spermatogenesis, previously shown to be linked to the transgene (8) . First, the transgene and deletion are wholly contained within the Morc gene. Secondly, we found no other genes expressed in testis within the P1 clone containing the transgene integration site, either by exon trapping or by nucleotide sequencing of~15 kb flanking the transgene. Finally, the morc mutation affects only spermatogenesis and, thus, Morc expression exclusively in male germ cells of adult mice is highly unlikely to be coincidental.
The fact that the morc TgN(Tyr)1Az mutation affects only spermatogenesis does not in itself demonstrate germ cell-specific expression. For instance, mutations in the widely expressed antiapoptosis gene Bclw also appear to affect only spermatogenesis (22, 23) . Furthermore, targeted inactivation of desert hedgehog (dhh), a signaling gene expressed in Sertoli cells, causes meiotic arrest and germ cell death in the 129/Sv inbred background (24) . Therefore it was important to determine which testicular cell type expresses Morc. Northern blot analyses of isolated germ cells and two classic germ cell-deficient mouse mutants and in situ hybridization to wild-type testis sections all indicated that Morc is expressed specifically in germ cells.
The Morc transcript is rare: prolonged exposure is needed to detect Morc mRNA by northern blotting. Related genes are present in humans, nematodes, plants and slime mold, but none of these genes has been functionally characterized. Although the human and mouse Morc genes are expressed specifically in male germ cells, two related human genes, KIAA0852 and KIAA0136, are expressed in multiple tissues. These data suggest that Morc plays a specialized role in germ cells that may be related to a more general function of other family members in somatic cells.
What does MORC do? The presence of related genes in such diverse eukaryotes as humans, nematodes, plants and slime mold predicts an important function for Morc gene family members in the biology of multicellular organisms. Based upon the protein's nuclear localization and the similar phenotypes of other mouse knockouts (6), MORC may regulate transcription, cell division, DNA repair or meiotic chromosome dynamics. The MORC proteins are predicted to have conserved coiled-coil domains, suggesting that they interact with other proteins. The punctate staining pattern of transfected MORC suggests that the protein may be part of a large nuclear complex such as the DNA 'repairosome' (25) . Interestingly, Morc is transcribed in both mitotic and meiotic germ cells, although testes lacking MORC show no histological defects prior to the onset of meiosis (8) . Perhaps MORC is required in spermatogonia for assembly of a nuclear complex to be used later during meiosis. Alternatively, the Morc transcript could be translationally regulated, accumulating in spermatogonia and then translated in spermatocytes. Although translational regulation has not been demonstrated in spermatogonia, it is well known for a number of genes expressed in post-meiotic spermatids (26) .
Since expression of mouse Morc is most obvious in germ cells, alterations of human MORC or the pathway in which it acts might play a role in infertility, a problem affecting 10% of all couples, which involves the male partner in about half of cases. Testis-specific expression of MORC could mean that selective inhibition of human MORC may not have systemic side-effects. Thus, MORC or its biochemical pathway could provide attractive new targets for development of contraceptives or alleviation of infertility.
MATERIALS AND METHODS
cDNA cloning and sequencing
Isolation of P1 clones from the Morc locus was described previously (8) . Exon trapping was performed with the vector pSPL3-iv (27) according to the manufacturer's instructions (Gibco BRL, Gaithersburg, MD), using libraries prepared from size-fractionated BamHI+BglII-or PstI-digested P1 DNA. 5'-and 3'-RACE was performed with Morc-specific primer ATGGGGAGTACTT-GAAAATGATGGAC (5'-RACE) or AGATGCCGGGGCTG-TAAGACTCG (3'-RACE), using commercial mouse testis cDNA (Clontech, Palo Alto, CA) and the Expand High Fidelity PCR System (Boehringer Mannheim, Indianapolis, IN). RACE products were blunt-ended, phosphorylated and cloned into the EcoRV site of pBluescript II KS+ (Stratagene, La Jolla, CA) and two independent clones were sequenced for each product. The mouse Morc cDNA was used to isolate a cDNA from a human testis library (Clontech) by plaque hybridization. The full-length human cDNA was isolated by 3'-RACE using commercial human testis cDNA (Clontech) as described above, with Morc-specific primer CTTCTTCGCCAGCGTCTTCTCA. RACE products were cloned as above and three independent clones were sequenced.
Expression assays
Total RNA was extracted from testes of wild-type, heterozygous or homozygous mice using TRIzol reagent according to the manufacturer's instructions (Gibco BRL). Samples were dissolved in 200-350 µl buffer containing 20 mM Tris, pH 8.4, 2 mM MgCl 2 , 50 mM KCl and treated for 15 min at room temperature with 0.06 U/µl DNase I (amplification grade; Gibco BRL) and 0.11 U/µl RNaseOUT RNase inhibitor (Gibco BRL). For northern blots, 25 µg samples of RNA were electrophoresed on 1% agarose-2.2 M formaldehyde gels (28), transferred to Hybond N (Amersham Pharmacia Biotech, Arlington Heights, IL) and hybridized overnight at 65°C in Rapid-Hyb buffer (Amersham Pharmacia Biotech). The exon 2-4 probe was an EcoRI-HindIII mouse Morc cDNA subclone (nt 161-333) radiolabeled with [α-32 P]dCTP with LacZ forward and reverse primers using a PCR labeling kit (Gibco BRL). Tissue distributions were examined using human and mouse multiple tissue northern blots (Clontech). A mouse Morc cDNA fragment (nt 1771-3008) was random primer labeled using a kit according to the manufacturer's instructions (Amersham Pharmacia Biotech) and used as the 3' region probe. A random primer labeled human β-actin cDNA (Clontech) was used for control hybridizations. Signals were visualized using a Molecular Dynamics STORM860 phosphorimager. For RT-PCR assays, 3 µg of total RNA per sample was reverse transcribed with Superscript II (Gibco BRL) and PCR was performed using one tenth of the cDNA product. Primers were: AGATGCCGGGGCTG-TAAGACTCG and TTCATCCGGGGTTCAAAATACAGA (5' primers); AAGCGCAGCCGCAGAAGTCTCAACT and GCCGGCAGCTGACAGTCACCACTC (3' primers); CGT-GGGCGTGGGCCAACAGTT (Morc exon 1) and ATGGGGAGTACTTGAAAATGATGGAC (Morc exon 7); and AGTTAGCCGTTATTAGTGGAGAGG (transgene promoter sequence; 8) and Morc exon 7 primer. The latter primer pair gave several products from +/-testis RNA, the most abundant of which was sequenced. RNA in situ hybridization to serial sections of wild-type testis was performed as described previously (29) using cDNA probes corresponding to the entire Morc coding region. Enriched germ cell fractions were prepared and RNA extracted essentially as described previously (30) . Purities of fractions, assayed by light microscopy, were: spermatogonia, 72.8%; leptotene/zygotene spermatocytes, 79%; early pachytene spermatocytes, 64%; pachytene spermatocytes, 88.7%; round spermatids, 68%; residual bodies, 87%.
Protein alignments
Proteins were aligned using MegAlign (DNASTAR). Identity = matching residues ÷ (matching residues + mismatching residues + number of gaps) was calculated for human and mouse MORC, DAX1, SCP1 and DMC1 proteins using LipmanPearson alignments with default parameters (ktuple 2, gap penalty 4, gap length penalty 12). Motifs conserved between MORC and other proteins were identified using BLOCK-MAKER (31) (32) (33) .
Protein immunolocalization
The FLAG epitope was added at the N-or C-terminus of the mouse MORC peptide sequence by replacing the initiator methionine codon with a SalI restriction site (34) or the termination codon with an NruI restriction site (35) , respectively. The pMEPy vectors (36) containing FLAG-tagged MORC were transfected into COS7 cells using TransFast reagent (Promega, Madison, WI). Cells were cultured for 48 h after transfection, fixed with 4% paraformaldehyde (w/v) in phosphate-buffered saline (PBS) and permeabilized with 0.1% Triton X-100 (w/v) in PBS. Proteins were detected by sequential 60 min room temperature incubations in PBS containing 4% bovine serum albumin (PBS+4% BSA) (w/v), 14.5 µg/ml biotinylated anti-FLAG antibody M2 (Eastman Kodak, Rochester, NY) in PBS+4% BSA and 5 µg/ml fluoresceinated streptavidin (Vector Laboratories, Burlingame, CA) in PBS+4% BSA. Nuclei were stained with 0.4 µg/ml DAPI in Vectashield antifade reagent (Vector Laboratories). Membranes were stained by adding 2 µM DiIC 18 (3) (Molecular Probes, Eugene, OR) to the culture medium 16 h prior to fixation. Cells were photographed under epifluorescence using a Zeiss Axiphot microscope with triple-pass filter and Kodak Ektachrome 400 color slide film.
